The hexose transport system in skeletal muscle is subject to complex regulation. We have previously shown that hexose uptake and utilisation in cultured rat myocytes and myotubes and in isolated rat soleus muscles in vitro are dependent on the D-glucose concentration to which the cells and muscles are pre-exposed [1] [2] [3] [4] [5] . Similar effects of glucose withdrawal and refeeding have been reported in cultured L6 [6] and BC3H1 skeletal muscle cells [7] as well as in human skeletal muscle [8] . The maximal velocity of hexose transport (V max ) was reduced in L8 skeletal muscle cells exposed to increasing glucose concentrations (0.5-20.0 mmol/l) in a concentration-dependent manner, while the affinity (K m ) was unaffected [2] . Cytochalasin B (CB) binding and GLUT1 Western blotting of enriched plasma-and microsomal-membrane fractions revealed that high glucose concentrations modulated the subcellular distribution of GLUT1, reducing their number at the plasma membrane of the cell [1] . Similar autoregulatory effects of glucose Diabetologia (1997) Summary Exposure of rat skeletal muscle and skeletal muscle cell lines to high glucose levels results in a time-and dose-dependent reduction of the rate of hexose uptake, paralleled by a reduction in the plasma membrane density of glucose transporters. The mechanism of this process was investigated in cultured L8 myocytes. Low concentrations (0.5-2.0 mmol/l) of deoxyglucose mimicked the downregulatory action of 20 mmol/l glucose both regarding the time-course and magnitude of the effect, but in an irreversible manner. A dose-dependent relationship between intracellular accumulation of deoxyglucose 6-phosphate and the magnitude of the downregulatory response was observed. Depletion of intracellular deoxyglucose 6-phosphate restored the rate of hexose transport to the control level. The reduction of hexose transport activity by deoxyglucose occurred independently of ATP depletion which by itself produced the opposite effect. The effects of deoxyglucose and high glucose on hexose transport were associated with reduced transport maximal velocity and GLUT1 transporter abundance in the plasma membranes of myocytes, as assessed by cell surface biotinylation. The reduction of myocyte GLUT1 mRNA content, observed after exposure to high glucose, did not accompany the transport downregulatory action of deoxyglucose. We suggest that hexose 6-phosphate is the mediator of the downregulatory signal for subcellular redistribution of GLUT1 in L8 myocytes. The signal responsible for reducing the GLUT1 mRNA level may be related to glucose metabolites downstream of the hexokinase reaction.
were found in a variety of cells (for a review see [9] ). In addition, high glucose levels induced a time-dependent reduction in the GLUT1 mRNA abundance in L8 myocytes [5] and other cells studied [9] . It has been proposed that the downregulation of glucose transport and utilisation in skeletal muscle via this autoregulatory mechanism may be important for the induction of reduced peripheral glucose utilisation and insulin resistance in diabetes mellitus [10] [11] [12] .
The nature of the intracellular signal that operates the downregulation of glucose transport is unknown. Glucose is rapidly metabolised in muscle cells; any of its metabolites responsible for initiating the downregulation of transport may be expected to be short-lived and therefore difficult to identify. We therefore chose to use the glucose analogue 2-deoxy-D-glucose (dGlc) to study the modulation of the hexose transport system of L8 muscle cells. This analogue is transported by glucose transporters and phosphorylated by hexokinase, but it is not metabolised further. The findings of the present report suggest that hexose 6-phosphate interacts with the intracellular sensing mechanisms for the downregulation of glucose transport.
Materials and methods

Materials. 2-[1, 2-
3 H]dGlc (40 Ci/mmol) was purchased from American Radiolabelled Chemicals (St. Louis, Mo., USA). ]-deoxycytidine 5 ′-triphosphate ( ∼ 3000 Ci/ mmol) were from Dupont-New England Nuclear (Boston, Mass., USA). Rediprime DNA labelling system and Rapidhyb hybridisation buffer were obtained from the Radiochemical Centre (Amersham, UK). Antipain, aprotinin, bovine serum albumin (BSA), CB, dGlc, glycine, luciferine-luciferase kit for ATP determination, 3-O-methylglucose (MeGlc), phenylmethylsulphonyl fluoride (PMSF), saponin and streptavidin-agarose beads were obtained from Sigma Chemicals (St. Louis, Mo., USA). D-glucose was from Merck (Darmstadt, Germany). Sulphosuccinimidyl 6-(biotinamido) hexanoate (NHS-LC biotin) was from Pierce (Rockford, Ill., USA). Leupeptin, a -macroglobulin, and positively charged nylon membranes were obtained from Boehringer Mannheim (Mannheim, Germany). Dowex-1-chloride (4 % cross-link) was from Dowex Chemical Co., obtained through Sigma Chemicals. MicroSpin columns for purification of labelled probes were from Pharmacia Biotechnology (Uppsala, Sweden). Triton X-100 was obtained from BDH Chemicals (Poole, UK). Waymouth medium and fetal calf serum (FCS) were from Biological Industries (Kibbutz Beth-Haemek, Israel). Glucose-free Dulbecco's modified Eagle's medium (DMEM) was purchased from Gibco Laboratories (Grand Island, N. Y., USA). All other chemicals and reagents were reagent or molecular biology grade.
Cells and culture conditions. Myocytes of the L8 cell line were kindly donated by Dr. D. Yaffe (Weizmann Institute of Science, Rehovot, Israel). The cells were grown as previously described [2] . The glucose concentration of FCS was ∼ 5 mmol/l, consequently glucose-free incubates in reality contained ∼ 1.0 mmol glucose/l. m mol/l CB. The cells were then treated with 4 ml of 0.2 % (v/v) Triton X-100 in water at room temperature, collected and treated further with 3 ml chloroform. After centrifugation 1-ml aliquots of the water phase were passed through ion-exchange columns (Dowex-1-chloride). Free dGlc was eluted with 10 ml water, phosphorylated dGlc with 10 ml 4N HCl. Recovery was above 90 %. Under all incubation conditions free dGlc accounted for only 5-10 % of the total radioactivity eluted.
Cell surface biotinylation. Surface biotinylation of L8 myocytes was adapted from Shetty et al. [14] and Levy-Toledano et al. [15] . L8 myocytes in 100 mm culture plates were washed with ice-cold PBS and incubated with 0.5 mg/ml NHS-LC biotin in PBS for 30 min at 4°C. The reaction was stopped by rinsing the plates three times with 15 mmol/l glycine in ice-cold PBS. The cells were then collected and solubilised for 30 min on ice in 1 ml solubilisation buffer (150 mmol/l NaCl, 50 mmol/l Hepes, pH 7.4, 1 % (v/v) Triton X-100, 2 mmol/l PMSF, 2 m g/ml aprotinin, 0.1 mmol/l antipain, 0.2 mmol/l leupeptin and 0.5 U/ml a -macroglobulin). The supernatant was separated by a 2-min centrifugation in an Eppendorf centrifuge and mixed with 50 m l streptavidin-agarose beads (1 mg streptavidin/1 ml gel in solubilisation buffer containing 0.1 mmol/l PMSF). The suspension was gently mixed for 30 min at 4°C and the beads sedimented by centrifugation. The bead pellet was washed with 150 mmol/l NaCl, 10 mmol/l Tris, pH 7.0, containing 2 mmol/l PMSF and 0.2 mmol/l leupeptin. The final pellet was resuspended in 120 m l Laemmli buffer (1.2-fold concentrated, without bromophenol blue [16] ) and incubated for 30 min at 65°C. The supernatant was separated from the beads by centrifugation, collected and kept at -70°C until used.
Western blot analysis. Protein content in the streptavidin-purified membrane preparations was determined by the Bio-Rad DC Protein assay (Bio-Rad Laboratories, Hercules, Calif., USA), using BSA standard dissolved in the same buffer of the membrane preparation. Western blots were performed as described earlier [5] , with specific rabbit antiserum against synthetic rat GLUT1 N-terminus (1:500 dilution).
Cell permeabilisation. Permeabilisation of L8 myocytes was performed according to Johnson et al. [17] . In short, cultured cells were chilled to 4°C and treated with permeabilisation buffer (20 mmol/l HEPES, pH 7.4, 10 mmol/l EGTA, 150 mmol/l KCl, 5 mmol/l oxalic acid-dipotassium salt, 6 mmol/l ATP and 50 m g/ml saponin) for 10 min in an ice bath. The cells were then washed gently and incubated with ice-cold PBS for a 20 min recovery (resealing) period followed by 2 min incubation with PBS at room temperature. This step was repeated with PBS at 37°C after which the cells were incubated with DMEM with the specified additions.
RNA isolation and Northern blot analysis. Total cellular RNA was isolated from 2-3 confluent 100-mm plates by the RNAzol method (Cinna/Biotex, Friendswood, Texas, USA) according to the manufacturer's instructions. Twenty microgram aliquots were separated by electrophoresis on 1 % agarose-formaldehyde gels containing 0.04 % ethidium bromide, RNA was transferred to nylon membranes and prehybridised for 3 h at 65°C in Rapid-hyb hybridisation buffer, followed by hybridisation to random-primed 32 P-labelled cDNA probes of rat GLUT1 [5] and mouse a 1 tubulin (1.1 kb fragment obtained from Dr. P. Dobner, University of Massachusetts Medical School, Boston, Mass., USA), purified by MicroSpin columns.
ATP determination. The myocytes were washed eight times with PBS, collected in hot (90°C) double-distilled water and boiled for 10 min. The resulting lysate was taken for ATP determination by the luciferine-luciferase method [18] using an LKB-Wallac luminator (Bromma, Sweden).
Glucose determination. Glucose in aliquots of incubation media was determined by the glucose oxidase method using a Beckman Glucose Analyzer (Fullerton, Calif., USA).
Statistical analyses were performed by Student's t-test.
Results are expressed as mean ± SEM. Absence of bars in figures indicates that the SEM is smaller than the symbol.
Results
Effect of dGlc on hexose transport in L8 myocytes.
The effect of dGlc was investigated in upregulated L8 myocytes (preincubated for 20 h with DMEM containing 2.0 mmol/l glucose). The cells were washed and received glucose-free DMEM supplemented with 2.0 mmol/l dGlc or 20.0 mmol/l glucose, and the rate of [ 3 H]dGlc uptake was determined at the indicated times. Shortly after its introduction dGlc initiated a downregulatory process of hexose transport, with a half maximal effect at 2.2 h (Fig. 1 ). This dGlc-induced downregulation was similar to the effect induced by 20.0 mmol/l glucose. The effect of dGlc was specific: while both 20.0 mmol/l glucose and 2.0 mmol/l dGlc elicited downregulation of hexose uptake, neither affected the uptake of AIB in L8 myocytes (Table 1) .
To determine whether the downregulatory effect of dGlc was restricted to the transport mechanism or combined with changes in the hexokinase reaction we compared the uptake rates of [ Table 2 ). The uptake rates of both glucose analogues were reduced in a comparable manner, indicating that both agents modulated the transport step rather than the hexokinase reaction.
The effect of dGlc was dose-dependent ( Fig. 2 ): cells maintained for 20 h at 2.0 or 20.0 mmol/l glucose received fresh medium containing increasing concentrations of dGlc for 5 h; upregulated myocytes (pretreated with 2.0 mmol/l glucose) reduced the rate of hexose transport dose-dependently up to 7.0 mmol/l dGlc, while at higher dGlc concentrations an escape from the downregulatory response was observed. In downregulated myocytes (pretreated with 20.0 mmol/ l glucose) the rate of hexose transport remained low with dGlc up to 7 mmol/l, while higher dGlc concentrations increased the rate of hexose transport.
In contrast to the reversible effect of glucose, the dGlc-induced downregulation of hexose transport was long-lasting. Figure 3A shows that exposure of the cells to 20.0 mmol/l glucose for 2 h resulted in 21 % reduction in the rate of hexose transport; change of the incubate to 2.0 mmol/l glucose at this time restored the rate of uptake to the initial level in a typical upregulatory response. However, washing the cells 30 min or 2 h after exposure to 2.0 mmol/l dGlc, and maintaining them at 2.0 mmol/l glucose, did not prevent the progression of the downregulatory response, which reached a similar low level of uptake as cultures exposed continuously to 2.0 mmol/l dGlc (Fig. 3B ). These data suggest that the downregulatory response initiated by dGlc is dependent upon the accumulation of a long-lasting intracellular signal.
Relationship between intracellular content of 2-deoxy-D-glucose 6-phosphate (dGlc-6-P) and downregulation of hexose transport.
Since incubation of myocytes with dGlc results in intracellular accumulation of dGlc-6-P, we measured its content and correlated it to the degree of downregulation of transport. Myocytes were exposed continuously to 2.0 mmol/l dGlc, and the rate of hexose uptake and the cellular dGlc-6-P content were determined at various times up to 5 h. Figure 4 shows a curvilinear relationship between the cellular content of dGlc-6-P and the magnitude of the reduction in hexose uptake. Accumulation of ∼ 5 and ∼ 20 nmol dGlc-6-P/10 6 cells was sufficient to induce half-maximal and maximal downregulatory effects, respectively.
Further evidence for the role of intracellular dGlc-6-P in initiating and maintaining downregulation of hexose transport comes from premeabilisation experiments. Figure 5 shows control experiments in which cell permeabilisation did not interfere with the course of up-or downregulation of hexose transport. Therefore, this method was suitable to study the effect of dGlc-6-P efflux from dGlc-treated cells. Figure 6A shows a rapid 80 % depletion of cell-associated dGlc-6-P following permeabilisation. Control cells that were treated in parallel with saponin-free buffer lost the phosphorylated metabolite at a slower rate, probably due to the activity of intracellular phosphatase(s). The data depicted in Figure 6B show that the depletion of dGlc-6-P following treatment with 2.0 mmol/l dGlc and permeabilisation reversed the downregulatory response to dGlc, and returned the rate of hexose transport to the level typical for incubation with low glucose. Moreover, control cells, pretreated with 2.0 mmol/l dGlc and then treated with saponin-free buffer, continued the downregulation process.
Effect of dGlc on myocyte ATP content. Phosphorylation of dGlc consumes ATP which by itself could affect cellular functions as hexose transport. Figure  7 shows that myocyte ATP was indeed reduced Thus, a significant downregulatory effect was observed with 0.5 mmol/l dGlc without significant changes in ATP. Severe ATP depletion induced by 20.0 mmol/l dGlc was not accompanied by a downregulatory response; on the contrary, the cells responded by increasing the transport. To investigate the role of ATP depletion alone we studied the effect of the uncoupler DNP. Table 3 shows that 0.25 mmol/l DNP abolished the downregulation of the uptake induced by 20.0 mmol/l glucose, and augmented the upregulation induced by 2.0 mmol/l glucose. In parallel, the ATP content was reduced by 24.9 and 28.1 %. Thus, reduction in cell ATP content is associated with upregulation rather than downregulation of hexose transport. These results therefore negate a role for ATP depletion in dGlc-induced downregulation of hexose uptake. Furthermore, pronounced ATP depletion ( > 70 %) overrode the downregulatory effect of dGlc, as observed in myocytes incubated with 20.0 mmol/l dGlc for 5 h (Figs. 2 and 5) . Therefore, the observed dGlc-induced reduction of hexose transport may be an underestimate of the true downregulatory effect of the analogue, partially opposed by the upregulatory effect of ATP depletion. Table 4 summarises the kinetic parameters derived from experiments in which uptake data of up-and downregulated myocytes following treatments with 2.0 mmol/l dGlc were analysed according to Lineweaver and Burk [19] . dGlc treatment reduced the maximal velocity (V max ) of the transport system without significant effect on the affinity (K m ) for dGlc.
Kinetic analysis of dGlc-induced downregulation of hexose transport.
Effect of dGlc on plasma membrane GLUT1 in L8 myocytes.
To investigate further the nature of the dGlc effect we determined the plasma membrane content of GLUT1, the major glucose transporter of these cells, using cell surface biotinylation in intact cells. Figure 8 shows the results of a representative experiment: surface GLUT1 content in cells incubated for 20 h at 20.0 mmol/l glucose was 45 % of that observed in cells incubated with 2.0 mmol/l glucose; also hexose uptake was reduced by ∼ 50 %. When myocytes preincubated at 2.0 mmol/l glucose were treated with 2.0 mmol/l dGlc or 20.0 mmol/l glucose for additional 5 h, cell surface GLUT1 was decreased by 72 and 70 %, respectively, while the rate of hexose transport was reduced by 73 and 67 %. The total cell content of GLUT1, determined by Western blotting of crude membranes (containing both plasma-and internal membranes), was not affected by the above treatments (data not shown).
Effect of dGlc on GLUT1 mRNA in L8 myocytes.
High glucose concentrations not only downregulate hexose transport, but also reduce the content of GLUT1 mRNA in L8 myocytes [5] . 
Discussion
Results from our [1-5, 20, 21] and other laboratories [9] over recent years convincingly demonstrated that extracellular glucose is an important feed-back regulator of its transport through the cell membrane. Glucose transport in skeletal muscle is the limiting step for hexose metabolism in toto, therefore regulation of this step by glucose can be expected to result in the modulation of all aspects of cellular glucose metabolism. Glucose concentrations of the magnitude often seen in diabetic patients are capable of substantially reducing the muscle glucose transport and utilization [3, 8] . Indeed, hyperglycaemia per se has been proposed to be one of the causes of reduced peripheral glucose disposal in diabetic patients [10] [11] [12] 22] . However, the mechanism by which glucose effects this action is not clear. Extracellular glucose produces a signal which affects the subcellular distribution of glucose transporters, thus influencing their content in the plasma membrane of the myocyte [1, 6, 23] . The intracellular signal(s) involved in this autoregulatory response is not known. L-glucose was ineffective [2] ; evidently interaction with the glucose transporter is necessary. It was therefore deemed suitable to investigate whether transport alone, transport and phosphorylation at position 6, or further metabolism are necessary to elicit the downregulatory signal of glucose. The glucose analogue dGlc is transported into the cells by the hexose transport system, interacts with hexokinase, but is not metabolized beyond the dGlc-6-P step. This study shows that low dGlc concentrations can mimic the downregulatory action of high glucose levels.
Deoxyglucose-6-P, like glucose-6-P, can inhibit the hexokinase activity. However, the fact that the rate of hexose uptake, measured with both [ 3 H]dGlc and [ 3 H]MeGlc, was similarly reduced by high glucose or dGlc treatments indicates that the transport mechanism and not the hexokinase reaction in L8 myocytes is the target of the autoregulatory signal. GLUT1 is the main glucose transporter of L8 myocytes [1, 5] . Direct measurement of GLUT1 content in the plasma membrane of the myocytes demonstrated that dGlc, like high glucose concentrations, reduced the density of transporters. The cell surface biotinylation technique used to measure the cell surface content of glucose transporters was chosen because it is simple and not complicated with low yields and crosscontamination of enriched-membrane preparations obtained by the alternative method of subcellular fractionation. The data obtained by this procedure showed a good correlation between the content of GLUT1 in the plasma membrane of the myocytes and the reduction in hexose transport capacity, induced by 2.0 mmol/l dGlc or 20.0 mmol/l glucose. The total content of GLUT1 transporters was not changed during relatively short exposures to dGlc or [19] . Mean ± SEM, n = 3 to 6 experiments. a p < 0.05, significantly different from the 2.0 mmol/l glucose control Deoxyglucose reduces the cell ATP content. However, we could not relate this action to the effect of the analogue on hexose transport. Indeed, other procedures that reduce ATP (hypoxia, anoxia, uncouplers of oxidative phosphorylation) were shown to augment hexose transport and induce translocation of glucose transporters to the plasma membrane in a variety of cells and tissues [24] . Also in the present study the uncoupler DNP, while lowering the cell ATP level, stimulated the hexose transport in L8 myocytes. Therefore, the effect of low concentrations of dGlc on the hexose transporter is independent of its ATP consuming effect.
The effect of dGlc seems to be mediated by its major metabolite, dGlc-6-P. A short exposure to low dGlc concentrations was sufficient to initiate and drive to completion the downregulation of hexose transport in myocytes. The time required for half maximal downregulatory effect of dGlc was inversely related to the time of exposure (data not shown). A curvilinear relationship existed between intracellular dGlc-6-P concentration and the degree of downregulation of hexose transport. Furthermore, permeabilisation of the dGlc-treated cells, resulting in loss of more than 80 % of cell dGlc-6-P, reversed the downregulatory process. In control cells dGlc-6-P disappeared at a slow rate, probably as a result of phosphatase activity; however, the intracellular dGlc-6-P concentration remained significantly high to sustain the downregulatory mechanism. Control experiments indicated that the mild saponin treatment had no significant effect on either up-or downregulation of hexose transport. This confirms a previous study showing that this method did not compromise cell integrity and function [17] . Our findings verify the study by Naftalin and Rist [25] in which preloading rat thymocytes with dGlc (1-10 mmol/l) decreased the rate of MeGlc uptake. Similar results observed by Foley and Huecksteadt [26] in adipocytes were ascribed to the effect of increased intracellular hexose-6-P. Wheeler [27] , on the other hand, found no similar effects of glucose-6-P on hexose transport into liposomes from reconstituted adipocyte membrane proteins. Glucose-6-P had no effect on hexose transport activity also in plasma membrane vesicles prepared from skeletal muscles [28] . Taken together, we conclude that the effect of hexose-6-P on glucose transporters requires intact cells, indicating that a mechanism of transporter redistribution in the cells is the target of this glucose metabolite.
The proposed effect of hexose-6-P in initiating downregulation of glucose transport is strongly supported by studies in which the content of glucose-6-P was determined in skeletal muscle biopsies of diabetic patients. Yki-Jä rvinen et al. [29] reported that the content of glucose-6-P was 2.3 times higher in biopsies of vastus lateralis muscles of diabetic compared to non-diabetic subjects. Young et al. [30] found an inverse correlation between muscle glucose-6-P and glucose disposal, and suggested that the main control over carbohydrate disposal in muscle occurred after glucose-6-P, as increased insulin-stimulated glucose disposal was associated with a reduction in muscle glucose-6-P. The pool of glucose-6-P is determined by the sum of the rates of glycogen synthesis and glycolysis. Reduced glycogen synthesis in skeletal muscles of diabetic patients may augment the glucose-6-P levels [31, 32] . Rothman et al. [33] , on the other hand, using 31 P nuclear magnetic resonance spectroscopy, found lower glucose-6-P levels in muscles of diabetic patients compared to control subjects under hyperglycaemic-hyperinsulinaemic clamps. In this context it is important to note the early studies of Sims and Landau [34] and Dully et al. [35] which suggested distinctive insulin-responsive and insulin non-responsive pools of glucose-6-P in skeletal muscles. Our results also indicate that ∼ 20 % of cellassociated dGlc-6-P could not be mobilised following saponin treatment. Considering these early studies and the present observations it seems important to determine the steady state levels and compartmentalisation of glucose-6-P pools and their relation to glucose transport and utilization in skeletal muscles of normal and diabetic patients. In our study, relatively high intracellular levels of dGlc-6-P were required to induce maximal downregulation of hexose transport and reduction of cell surface GLUT1. This may be due to a lower affinity of the signalling system to dGlc-6-P. This correlates well with a three-orders of magnitude lower affinity of this compound to glucose-6-P dehydrogenase compared to that of the natural substrate, glucose-6-P [36, 37] . Thus, dGlc-6-P may mimic the effects of glucose-6-P, albeit at higher concentrations.
The role ascribed here to phosphorylated glucose or dGlc in cellular signalling and transduction, coupled to subcellular localization of GLUT1, is not unusual. For instance, mannose-6-P is a high affinity ligand for the insulin-like growth factor II/mannose-6-P receptor and the cation-dependent mannose-6-P receptor. Both receptors regulate the transport of lysosomal enzymes from the trans-Golgi to a prelysosomal compartment and the cell surface [38] [39] [40] . Further work will have the challenge of identifying the structures that interact with hexose-6-P and control the cellular location of glucose transporters.
Glucose has been shown to regulate the expression and steady-state level of GLUT1 mRNA in several types of cells [9] . We have shown before that glucose reduces the content of GLUT1 mRNA in L8 myocytes in a dose-and time-dependent manner [5] . The observation that, unlike glucose, dGlc had no downregulatory effect on GLUT1 mRNA level in myocytes suggests that glucose operates two distinct regulatory systems in muscle. One, shared by dGlc, affects the subcellular distribution of GLUT1 and consequently the rate of hexose uptake, while the second reduces the content of GLUT1 mRNA, probably at the transcription level [5] . The latter is apparently induced by a signal generated downstream of the hexokinase reaction during glucose metabolism.
